Objectives of our study were to quantify the effects of apical dominance and bud cluster activity on asparagus yield patterns and to collect data for process-oriented modeling of the asparagus crop. Plants were grown in 40 L containers. After four years the soil above the asparagus crowns was removed and the containers were placed in a growth chamber at 20˚C for three months. During this time, spear length was measured daily except at weekends, and spears were cut when longer than 25 cm. Each spear was assigned to a bud cluster, defined as a dense group of buds clearly distinct from other bud groups on the crown. Although temperature was constant, several properties measured in this study changed during the experiment. The number of active bud clusters first increased then decreased, the lag time between spears growing at the same cluster increased, and the relative growth rate of spears decreased. The constant increase of harvested spears per plant stopped abruptly when the plants ran out of viable buds. At the crop level, i.e. the average for all plants, which is normally monitored in field trials, the transition from linear yield increase to zero increase was less abrupt since plants stopped growing spears on different dates. In our study asparagus yield, i.e. the number of harvested spears, was not limited by low carbohydrate in storage roots, but by a lack of viable buds. This was concluded from the abrupt halt in spear production observed in all plants despite the fact that some plants still had considerable carbohydrate content.
INTRODUCTION
Asparagus yield is the result of a complex sequence of physiological processes that are influenced by environment and management in current and previous years [1] . Therefore, all attempts to predict the yield of asparagus crops by means of simple regression models have failed. This has been shown for example by [2] who related different properties of the previous year's fern canopy to the yield of the current harvest season, often finding close correlations. The predictive value of the regression functions, however, was very limited, since the regression parameters varied considerably between experiments.
Several studies reported a close correlation between spear yield and temperature ( [3] [4] [5] [6] ). However, temperature alone is also a poor predictor for yield. For instance, one study [4] analyzed yield data from one farm over six years and found that cumulative yield could vary up to 30% between years, even when comparing periods with the same temperature sums.
One group [7] developed a more comprehensive model of asparagus production and used it to simulate yield as affected by different management strategies. This model already described the most important elements in the production cycle of asparagus, such as harvest period, fern growth, photosynthesis and storage of carbohydrates. However, the accuracy of this model cannot be evaluated since it has not been sufficiently validated. In a review of the asparagus plant physiology [8] stated that since so little was known at that time, [7] were obliged to work with several empirical assumptions instead of describing the underlying physiological processes in their model.
Since then knowledge about yield physiology has much improved. For instance [9] showed that asparagus yield is related to the carbohydrate supply in storage roots and [10] suggested a method to check if yield is limited by a low carbohydrate status. The work of Woolley et al. (2008) [11] indicated that the number of buds also can limit the total number of high quality spears.
The model suggested by [12] was considerably more mechanistic than the model of [7] . However, to our knowledge validation of Woolley's model has not been published so far. Recently, [13] developed a processoriented model taking in consideration the previous studies mentioned above plus new experimental data ( [13, 14] ). The model was evaluated with data from two field experiments, and it was able to describe daily spear yield quite accurately (Root mean square error = 4.53 g fresh matter plant -1 ·day -1 , n = 543). Simulations with this model also showed that predictions of daily yield depended to a great extent on the parameterization of physiological processes, such as apical dominance of a growing spear within one bud cluster and the activity of various bud clusters within one plant. So far the effects of these processes on yield are fairly well understood qualitatively, but there is not enough quantitative data to estimate robust model parameters.
We therefore, wanted to quantify the effects of apical dominance and bud cluster activity on asparagus yield patterns to provide data for parameterization of processoriented modeling of the asparagus crop.
MATERIAL AND METHODS

Experiment
In April 2004, ten 40 L containers were filled with loamy sand taken from the top layer of an asparagus field at the research station in Großbeeren (Arenic Luvisol, 52˚20'N, 13˚19'E). A single, one year old asparagus plantlet was planted in each container. Five containers were planted with the cultivar "Gijnlim" and five with "Backlim". The containers were set up in the field, with water and nutrients being supplied by drip irrigation. On April 1, 2008 the soil above the asparagus crowns was carefully removed. The containers were placed in a growth chamber at 20˚C from April 7, 2008 until July 4, 2008 . During this time spear length was measured daily except at weekends, and spears were cut close to the crown when longer than 25 cm. Asparagus spears can grow more than 15 cm per day. Spears, which were not long enough for harvest (e.g. 24 cm) on one day, were harvested with up to 40 cm length the next day or even longer when there was a weekend between harvest dates.
Each spear was assigned to a bud cluster, where a bud cluster was defined as a dense group of buds clearly distinct from other groups of buds on the crown. Typically the buds belonging to one bud cluster appeared within a circle with a diameter of approximately 4 cm. Distances between centers of different bud clusters were in the range of 5 to 15 cm. During the time in the growth chamber the containers were watered once a week but not fertilized. The light in the growth chamber was only on during measurement periods. The average carbon dioxide concentration in the growth chamber was 420 ppm.
Carbohydrates in Storage Roots
At the end of the experiment, storage roots with a diameter of more than 3 mm were collected from each container separately. All these roots were rinsed with tap water, cut and mixed. Approximately 60 g of fresh matter was lyophilized and milled. Before analyses, samples were heated to 80˚C for 30 minutes to denature enzymes. Then the carbohydrates were analyzed in a four step process: 1) glucose and fructose were determined enzymatically using a test kit from Roche Diagnostics; 2) sucrose was hydrolyzed with α-glycosidase, and sucrose content was determined from the difference between fructose before and after hydrolyzation of saccharose; 3) fructans were hydrolyzed with fructanase, and glucose and fructose were determined enzymatically using a test kit from Roche Diagnostics; 4) fructan content was determined by the difference between glucose and fructose before and after hydrolyzation of fructans. The method for analyzing fructans is described in detail by [15] . The sum of glucose, fructose, sucrose and fructans is referred to here as carbohydrates in storage roots (CHO). CHO data for one plant of "Backlim" is missing since this plant had fewer intact storage roots than required for the analysis ( Table 1) .
Data Analysis
Missing data points in spear growth curves are due to no spear length measurements on weekends. To interpolate the missing data and smooth the spear growth curve, a model was fitted to the measurements.
where L is the spear length (m), i the day number, RGR Copyright © 2012 SciRes. OPEN ACCESS the relative spear growth rate (day -1 ) and GZ the growing zone (m) where the spear grows exponentially. The model generates an exponential length growth until the spear reaches the length GZ. Thereafter, the spear grows with a constant absolute growth rate given by (RGR × GZ). Parameter values for RGR were estimated for each spear separately by fitting the model to the measurements by a least square algorithm. GZ was set to 6 cm according to [16] , who found that with a spear length of 10 cm the elongation zone of the spear was approximately 6 cm.
The model was used for two purposes: 1) to quantify the growth rates of individual spears by estimating parameter RGR; and 2) to determine the day when a bud started to grow into a spear. By our definition spear growth started on the first day when modeled spear length was greater than 0.5 cm. RGR was estimated using the complete data set. Additionally, to estimate the beginning of spear growth, we fitted the model only to that part of the data where measured spear length was less than 6 cm. This resulted in better estimations of growth start, since omitting lengths greater than 6 cm improved the model fit in the range from 0.5 to 6 cm.
RESULTS
Spear Growth Rate
The model described the time course of spear growth very well (r 2 = 0.97, n = 6259, p < 0.001). Spear growth rates, as estimated with the model (Eq.1), were significantly different between "Gijnlim" and "Backlim" (0.60 ± 0.01 and (0.53 ± 0.01) m·m -1 ·day -1 , respectively; p < 0.001). RGR was highly variable and decreased during the experiments in "Gijnlim" but not in "Backlim" (Figure 2) . Our hypothesis that decreasing growth rates over time were caused by a decreasing carbohydrate supply was not confirmed in this study. At the end of the experiment, plants showed a broad range of carbohydrates in storage roots (Table 1) . However, there was no significant correlation with spear growth rate (Figure not shown).
Spear Appearance Rate at the Bud Cluster Level
Many bud clusters had only one growing spear at a time, since new spears only started to grow after the previous spear was harvested. This pattern indicated that a growing spear inhibited the development of the next bud (e.g. Figure 3(a) ). However, there were also bud clusters with up to four spears growing simultaneously (e.g. Figure 3(b) ), revealing that spear appearance patterns were quite diverse.
In order to quantify the inhibitory effect of a growing spear on the growth of other spears we calculated the frequency of spears growing simultaneously at the same OPEN ACCESS bud cluster (Figure 4) . In most cases only one spear was growing, i.e. this spear started to grow when there was no other growing spear present. The frequency distributions showed that the probability for a spear starting to grow decreased with the number of spears already present at the same bud cluster, indicating that the inhibitory effect of growing spears was cumulative. Frequency distributions were similar in both cultivars, but slightly more right skewed in "Gijnlim". After a spear was harvested from a bud cluster with no other growing spears, it took some time before a new spear started to grow. On each day when a new spear started to grow we counted the number of preceding days without growing spears at the same bud cluster. This number of days is referred to here as LAG. LAG equaling zero refers to spears that started to grow when there were other spears present at the same bud cluster. The regression line shown in Figure 5 indicated that at the end of the experiment the average LAG was five days in "Gijnlim" and three days in "Backlim". At the beginning of the experiment, however, there was no LAG because two or more spears grew simultaneously at all active bud clusters. Figure 6 gives the visual impression that LAG increased with decreasing carbohydrates in storage roots, but the correlation was not statistically significant.
The average number of spears per bud cluster was not significantly different in "Gijnlim" and "Backlim" (6.5 ± 0.4 and 5.8 ± 0.5, respectively; p = 0.27). In both cultivars the number of spears per bud cluster decreased significantly with the day number since the cluster became active (r 2 = 0.49, p < 0.001 and r 2 = 0.28, p < 0.001).
Spear Appearance Rate at the Plant Level
The active time of bud clusters was defined as the number of days between the start of growth of the first and last spear at one cluster. The average number of active bud clusters was about four clusters per plant in both cultivars at the beginning of the experiment. Thereafter, the time course of active bud clusters showed marked differences between cultivars (Figure 7) since "Backlim"
Carbohydrates (g·100g -1 dry matter) Figure 6 . Time until a new spear started to grow after the previous spear was harvested from the same bud cluster (LAG) related to carbohydrates (CHO) in storage roots at the end of the experiment (-"Gijnlim", -"Backlim"). model (Eq.1). However, it was not our aim to compare different approaches to modeling spear growth, but rather only to use model only to quantify relative spear growth rates (RGR). This model was selected because it fitted the measurements very well (r 2 = 0.97, Figure 1 ) although it needed only one parameter, RGR, to be estimated for each growth curve. The model was also useful for estimating the day when a bud began to grow, which by our definition was the day when a bud was longer than 0.5 cm. This estimation would have been difficult to make based on measurements alone, particularly with missing data over the weekends. In our study spear growth rate decreased with time (Figure 2 ) but was not significantly correlated to carbohydrate in storage roots (figure not shown). The lack of significance was perhaps caused by our small data set, since [20] reported lower spear growth rates when carbohydrate supply was limited. Also [13] found decreasing spear growth rates with decreasing carbohydrate supply in storage roots.
developed fewer active bud clusters and stopped producing spears earlier.
The average spear appearance rates per plant showed characteristic patterns (Figure 8) . Initially several-but not all-plants had a high spear appearance rate, which was caused by spears growing simultaneously at those bud clusters that were active from the start of the experiment. Thereafter followed a period with an almost constant rate, which resulted in a linear increase of spears for approximately 75 days. Subsequently, spear appearance rate was zero, i.e. no spear at all appeared until the end of the experiment. Both the length of the period until the plants stopped producing spears ((78 ± 1.3) and (71 ± 1.3) days, p = 0.005), and the total number of harvested spears were significantly different between cultivars ((91.8 ± 8.2) and (54.8 ± 8.2) spears plant -1 , p = 0.013).
DISCUSSION
Spear Level 4.2. Bud Cluster Level
Several studies have shown that asparagus spear growth rate is closely linked to both temperature and spear length, and several models have been suggested to describe this relationship [17, 18] . Most models similarly describe exponential growth during a first phase of spear growth. Some authors suggested a decline relative growth rate during a second phase [19] , which is also a trait of our It was stated by [21] as early as 1926 that the pattern of bud break is controlled by apical dominance within each bud cluster on the crown, i.e. growing spears produce inhibitory effects, which extend only to the buds of the same bud cluster. [22] reported that as many as seven buds on a crown started growing within 24 hours of each 
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other, but no two spears ever developed from the same cluster at the same time. Also in our study many bud clusters had only one growing spear at a same time. However, we also observed many bud clusters with up to four spears growing simultaneously (e.g. Figure 3(b) ).
Based on the frequency distributions observed in our study (Figure 4) we suggest modeling the effect of apical dominance within asparagus bud clusters as a stochastic process, where the probability of a spear starting to grow decreases with the number of spears already present at the same bud cluster. [22] reported that generally at least a three day lag occurred between removal of a spear and growth of another bud in the same cluster. In our study LAG time ( Figure 5 ) ranged from zero to 28 days and showed a considerable, apparently random, variability. LAG correlated weakly, but with statistical significance with time after the start of the experiment, but showed no statistically significant correlation with carbohydrates in storage roots (CHO, Figure 6 ). So far it is not clear which endogenous factors mediated the increase in LAG with time. In the model of [13] LAG is treated as a stochastic variable, whose value decreased with temperature and increased with lower CHO. [9] showed that asparagus yield can be limited by the availability of carbohydrates in storage roots. However, [11] stated that the number of available buds also can limit yield. As reported by [22] from an experiment in a constant environment, as in our study (Figure 8(b) ), the rate of spear production was initially almost constant for a considerable time. Thereafter, yield-in terms of the number of harvested spears-was not limited by a low carbohydrate status in storage roots but by a lack of viable buds. We concluded this from observing the abrupt stop in spear production in all plants (Figure 8 ) despite the fact that some plants still had considerable carbohydrate content ( Table 1) . The marketable yield would have been reduced much earlier than the spear number yield, since marketable yield is affected by both spear number and spear diameter, and spear diameter decreases with harvest time and hence with carbohydrate supply.
Plant Level
The number of harvested spears was significantly different between the cultivars in our study. [8] concluded from earlier experiments ( [23, 24] ) that the number of buds is genetically controlled and does not depend on the environment or carbohydrate supply. In contrast, [25] found that total and viable bud numbers decreased in the year following a season with soil moisture stress. The main period of bud formation is during fern growth following harvest and only a few buds are formed during harvesting ( [8, 23] ). However, even if new buds were formed, they may not be viable and hence not contribute to spear yield of the current harvest [11] . We observed that only a few new buds were formed during our experiments. Therefore, the plants run out of buds during the unusually long harvest period.
Recent research has provided considerable insights into the physiological processes determining asparagus yield. However, current knowledge is still not enough to understand and model, under which conditions asparagus yield is limited by lack of viable buds or lack of carbohydrate supply.
Summary and Conclusions
Temperature was constant, but several plant properties changed during the study. The number of active bud clusters first increased then decreased (Figure 7) , the lag time between spears growing at the same cluster increased ( Figure 5 ) and the relative growth rate of spears decreased (Figure 2 , "Gijnlim"). However, at the plant level the combined effects resulted in an almost constant increase in harvested spears per plant, which stopped abruptly when the plants ran out of viable buds (Figure  8) . At the crop level, as normally monitored in field trials, the average transition of all plants from linear yield increase to zero increase was less abrupt, since plants stopped growing spears at different times.
We did not observe that the number of harvested spears was limited by a low carbohydrate status in storage roots; rather it was apparently due to a lack of viable buds.
Several properties that are relevant for yield differed significantly between the two cultivars tested in this study. The most important differences were the number of viable buds and the number of active bud clusters. We intend to use these results to better estimate robust parameters in the process-oriented asparagus growth model suggested by [13] .
